Abstract
Background
Friction factors are important parameters in a process that utilizes fluid flow. This can cause high pressure drops which further cause high demands of pumping energy. Processes that use small tubes/channels need carefully pressure drop calculations because in smaller tubes, the pressure drop becomes significantly higher than in bigger tubes. Even, in microchannels the pressure drop is one of the major problems that must be solved or eliminated correctly and still being a concerned problem in this field study. Researches on this field are still challenging the microchannel communities.
Still there are many contradictory conclusions on the definition of microchannels. Previous studies used flow behaviour as criteria to define microchannels, e.g. Brauner and Moalem-Maron theory when they measured pressure drops for water flowing in trapezoidal silicon microchannels with hydraulic diameters ranging from 51 µm to 169 µm. Their friction factors were about 8% to 38% higher than theory. However, they justified the deviation as being the result of the high relative roughness (3.5% to 5.7%). Jiang et al. [16] , who used a microchannel with a hydraulic diameter of 300 µm, and Kandlikar et al. [17] , who employed diameters of 1.06 mm and 0.62 mm tubes elucidated that because of the roughness their friction factors were higher than theory. However, Kandlikar et al. [17] specified that the effect of surface roughness (relative roughness of 0.36%) was significant only for the smallest diameter test section (0.62 mm). Shen et al.
[9] studied flow and heat transfer for deionized water in rough-walled copper microchannels assembled in a 26-channel array. The rectangular channels were 300 µm wide and 800 µm deep. They applied three different inlet temperatures; 30 o C, 50 o C and 70 o C and their Reynolds numbers varied from 162 to 1257. They found that the effect of surface roughness (relative roughness 4 -6%) on laminar flow was significant and that higher inlet temperatures decreased the pressure drop. However, they did not explain the effect of fluid temperature on the friction factor.
In this study, experimental friction factors obtained from flow in different diameters of the tube are compared each other and also compared with theory. The aims are to see if there are any differences of investigated friction factors found in each tube at the same Reynolds numbers. Furthermore, as the test sections used in this research were not equipped with calming sections, pressure drop predictions in the inlet and outlet plenums are analyzed and presented in the forms of graph.
Experimental Facility and Test Sections
Experiments using the 1.14 mm diameter tube were performed using the test rig at Brunel University, United Kingdom, see Fig. 1 Deionized water was used as the working fluid that was set at 30°C. The water temperature was measured using K type thermocouple with an uncertainty of ±0.2 K calibrated against the Platinum Precision Thermometer with an accuracy of ±0.025 K. To obtain pressure drops, two pressure transducers model Honeywell 26PCCD with an uncertainty of ±0.2 kPa were installed in the inlet and outlet and were calibrated against the deadweight tester for high pressures and the water manometer for low pressures. The experiments using 15.5 mm and 17 mm tubes were conducted at Mataram University, Indonesia. The test rig used was H408 Fluid Friction Apparatus (see Fig. 1 ) and the test section were fabricated by TecQuipment Ltd, [10] .
The lengths of the test sections were 200 mm for the 15.5 mm tube diameter (tapping 30 and 31) and 912 mm for the 17 mm tube diameter (tapping 7 and 8). The 15.5 mm tube was roughen using sand grain with an average size of 0.5 mm giving its relative roughness of 0.032, see Fig. 2 . The pressure drop was measured using closed manometer with a resolution of 1 mm.
Three test sections employed were (i) a stainless steel tube with an inner diameter of 1.14 mm (measured using a TSER microscope with an accuracy of ±1 μm, see 
Data Reduction
In this study, the inlet and outlet pressures were measured directly, therefore, the pressure drop is obtained by subtracting the outlet pressure from the inlet pressure and called as total pressure drop, taken from [18] :
wherep i is the measured inlet pressure and p o is the measured outlet pressure. The channel pressure drop is then determined using Eq. (3), however, for the test section that is equipped with a calming section, the channel pressure drop is the same as the total pressure drop, Eq. (2), taken from [12]:
the inlet and outlet pressure drops are due to the differences between inlet and outlet tube diameters and channel diameter. Meanwhile, in the outlet, there is a pressure recovery due to the deceleration of the fluid. The inlet and outlet pressure drops can be estimated as follows:
where Δp i is the static pressure drop, Δp a is the pressure drop due to fluid acceleration and Δp d is the pressure recovery due to fluid deceleration. A ch is the channel cross sectional area,A i is the inlet plenum cross sectional area and A o is the outlet plenum cross sectional area. V ch is the average channel fluid velocity and V o is the average outlet plenum fluid velocity. k l is the loss coefficient that is equal to 1 for Eq. (5) and dependent on the ratio of channel diameter and inlet plenum diameter for Eq. (4), see Table 1 , whilst ρ is the fluid density.
The experimental friction factor, f, is calculated using Eq. (6), which is given by (taken from [21] ). 
where L is the channel length and D ch is the channel diameter. The friction factor theory in this study is the Darcy-Weisbach equation for laminar which is given by, taken from [21] .
and for turbulent flow in the smooth pipe, the friction factor equation used is Blasius equation which is expressed as, taken from [21] .
whilst for turbulent flow in a rough channel, the friction factor formula selected is Colebrook-White equation or Moody diagram which is written as [18] :
where k is the channel absolute roughness and Re is the Reynolds number. The goodness of data is analyzed using error analysis proposed by Coleman and Steele [19] . In this study the errors consist of bias/systematic and random errors. Systematic errors can be minimized with a calibration whilst random errors cannot. Following Coleman and Steele [19] , the random uncertainty of a measured variable, X, is estimated as the standard deviation, S x , of a sample of N measurements of the variable, X, calculated as follows, taken from [19] :
where X is the mean value of the sample population. By contrast, the systematic uncertainty of a measured variable, X, is calculated as the root sum (RSS) given by Eq. (12), taken from [19] .
( ) 
Equation (14) gives the absolute uncertainty, U r , in the result. 
Results and Discussions
The inlet and outlet pressures have been measured and the total pressure drop obtained from the three test section is presented in Fig. 4 . The test section #1 is the smooth test section with a diameter of 1.14 mm equipped with calming sections installed before and after the test section, therefore, the total pressure drop is the same as the channel pressure drop and the associated flow is fully developed flow. The test section #2 is the smooth test section with a diameter of 17 mm and without a calming section and the test #3 is the rough test section with an average diameter of 15.5 mm (the actual diameter is 17 mm and the effective diameter is 15.5 mm) and without a calming section. From Fig. 4 , it is clear that decreasing in diameter increases the pressure drop significantly. For example, the decrease in diameter from 17 mm to 15.5 mm, the pressure drop deviates of about 400% of the pressure drop obtained in the 17 mm tube diameter at the same Reynolds number of 20000, whilst from 17 mm to 1.14 mm the pressure drop deviates of approximately 166567% of the pressure drop gained in the 17 mm tube diameter at the same Reynolds number of 3000. This is becoming a serious problem in the use of small to micro channels.
In Fig. 4 , the pressure drops were measured in the test section with diameters of 15.5 mm and 17 mm and without a calming section, unless for the 1.14 mm tube diameter. Therefore, to obtain the channel pressure drop Eq. (3) to (5) should be employed. The cross sectional channel area for the 15.5 mm tube diameter is equal to 0.000154 m², whilst for the 17 mm tube diameter is 0.000227 m², therefore, flow velocities in the channel can be calculated as, taken from [17] : As there are many contradictory results in experiments that use small to micro channels, in this occasion, experimental friction factors are presented in Fig. 5 and discussed. The theories used for comparison with the experimental data are Eq. (6) trough Eq. (9). In addition, a correlation proposed by Mirmanto [20] is also used here to see the accuracy of the correlation. The correlation of friction factor in [20] was proposed for flow in rectangular channels with diameters ranging from 0.438 mm to 0.635 mm and without a calming section or it is for developing flow. the correlation is expressed as [21] correlation for smooth pipe. However, for the 15.5 mm and 17 mm tube diameters, laminar experiments could not be performed due to their lengths. if the lengths were quite long, then in laminar flow, the pressure difference could be read. Additionally, the friction factor obtained in the 15.5 mm tube diameter is higher than that obtained in the 17 mm. This is not due to the tube diameter but the roughness. Meanwhile, the correlation proposed by Mirmanto [20] over predicts the data, because the correlation was created for developing flow condition and rectangular channels. Hence, it evidences that the friction factor is not affected by the diameter but by several factors such as entrance condition, minor losses and developing flow condition.
To ensure that the experimental data agree with the theory, an excel analysis and error analysis have been performed. Examples of excel analysis and error analysis are described here. Consider the experimental data obtained in the 17 mm tube diameter, using excel analysis (ANOVA regression), the significance F is small to be compared with F values. It means that there is no deviation between the experimental results and the theory, see Table 2 . Additionally, an error analysis following Coleman and Steele [19] is presented in Fig.  6 for the data obtained for the 17 mm tube diameter. The first point with big error bars indicating the furthers point, still covers the Blasius [21] correlation, hence, the data are in a good agreement with the theory. The error bars for the experimental friction factor shown in Fig. 6 are given by, using equation proposed by [19] :
The uncertainty of the pressure drop, diameter, tube length and fluid velocity are known from the experiments, hence, the relative error of friction factors can be found and shown in Fig. 6 . Table 2 . Excel analysis using ANOVA regression
Conclusion
Experiments to see the difference of friction factors obtained for flow in several different diameter tubes have been performed. For the 1.14 tube diameter, the experiments were conducted at the Brunel University, whilst for other test sections were performed at the Mataram University. The results show that, for both experiments conducted in different locations, the experimental friction factors are not influenced by the size of the tubes but by the condition of the entrance and surface roughness, and they obey the theory very well. However, as the size of the tubes reduces, the pressure drop increases drastically.
for the funding, and the Brunel University and Mataram University for the facilities. 
Nomenclature

